Peroxiredoxin (Prx) constitutes a large family of enzymes found in microorganisms, animals, and plants, but the detection of the activities of Prx-linked hydroperoxide reductases (peroxiredoxin reductases) in cell extracts, and the purification based on peroxide reductase activity, have only been done in bacteria and Trypanosomatidae. A peroxiredoxin reductase (NADH oxidase) from a bacterium, Amphibacillus, displayed only poor activities in the presence of purified Prx from Saccharomyces or Synechocystis, while it is highly active in the presence of bacterial Prx. These results suggested that an enzyme system different from that in bacteria might exist for the reduction of Prx in yeast and cyanobacteria.
Prx-linked hydroperoxide reductase activities were detected in cell extracts of Saccharomyces, Synechocystis, and Chlorella, and the enzyme activities of Saccharomyces and Chlorella were induced under vigorously aerated culture conditions and intensive light exposure conditions, respectively. Partial purification of Prxlinked peroxidase from the induced yeast cells indicated that the Prx-linked peroxidase system consists of two protein components, namely, thioredoxin and thioredoxin reductase. This finding is consistent with the previous report on its purification based on its protein protection activity against oxidation [Chae et al., J. Biol. Chem., 269, 27670-27678 (1994) ]. In this study we have confirmed that Prx-linked peroxidase activity are widely distributed, not only in bacteria species and Trypanosomatidae, but also in yeast and photosynthetic microorganisms, and showed reconstitution of the activity from partially purified interspecies components.
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We previously purified hydrogen peroxide-forming NADH oxidases from aerobically grown Amphibacillus xylanus and Sporolactobacillus inulinus, both of which are facultatively anaerobic bacteria lacking a respiratory chain. 1, 2) The NADH oxidases were first thought to function in vivo only to regenerate NAD from NADH produced in the aerobic pathways of the bacteria. [2] [3] [4] [5] These enzymes use NADH to catalyze the reduction of oxygen to hydrogen peroxide. 1) However, in the presence of the 21-kDa disulfide-containing redox protein AhpC, 6) now commonly referred to as peroxiredoxin (Prx), NADH oxidases also show significant reductase activities on both hydrogen peroxide and alkyl hydroperoxides as substrates.
2,7-10) Prx-linked NADH oxidase systems are not only found in these two bacteria, but also are widely distributed among aerobically growing bacteria, including facultative anaerobes and aerobes. 11) These NADH oxidases belong to a growing new family of peroxiredoxin oxidoreductases (PrxR) 12) which also include alkyl hydroperoxode reductase and possibly play important roles in bacteria as effective NAD-regeneration and peroxide-scavenging systems. 11) Prx has been isolated and purified from Saccharomyces cerevisiae and specifically inhibits the inactivation of various enzymes by the nonenzymatic Fe 3þ /O 2 /thiol mixed-function oxidase system. 13) The yeast Prx reduction system was first purified using an antioxidant assay system that allowed measurement of the capacity of protein protection against an oxidation system capable of generating reactive oxygen and sulfur species. The purified antioxidant system, consisting of thioredoxin and thioredoxin reductase, reduced yeast Prx and was finally shown to be a peroxidase activity that is responsible for the reduction of hydrogen peroxide and alkyl hydroperoxides. 14) However, the peroxidase activity has not been reported in yeast cell extracts, and the y To whom correspondence should be addressed. Tel/Fax: + 81-3-5477-2761; E-mail: niimura@nodai.ac.jp Prx-linked peroxidase system has not yet been purified with a detection method based on peroxidase activity. Although Prx proteins constitute a large group and are present in bacteria, mammals, and plants, Prx-linked peroxidase activities in cell extracts have only been demonstrated for a few proteins in bacterial species 6, 11) and Trypanosomatidae, 15) despite several hundred peroxiredoxin genes being known. To investigate the distribution of Prx-dependent peroxide reductases in various organisms, we selected Saccharomyces, Synechocystis, Chlamydomonas, and Chlorella and here describe the enzymatic activities found in their cell extracts.
Materials and Methods
Cloning, expression, and purification of Prx from Saccharomyces and Synechocystis. We cloned the gene of Prx (Type I TPx) from Saccharomyces cerevisiae KA31-A. 16) A Saccharomyces DNA fragment containing the open reading frame L14640 was amplified by the polymerase chain reaction (PCR) with primers 5 0 -CGGAATTCCATGGTCGCTCAAAAG-3 0 and 5 0 -CGCGGATCCTTATTTGTTGGCAGCTTCGA-3 0 . The forward primer was designed to introduce an EcoR I site, and the reverse primer contained a BamH I site. PCR was done for 30 cycles of 1 min at 94 C, 1 min at 54 C, and 1 min at 72 C, with a 3 min pre-heat and a 10 min final extension at 72 C. Amplified DNA fragments were cloned into the PTTQ18 17) vector for transformation of Escherichia coli strain JM109. IPTG-induced recombinant protein was purified.
All steps of the purification procedure of recombinant Saccharomyces Prx were done at 4 C. One hundred seven g (wet weight) cells were suspended in 321 ml of 50 mM sodium phosphate buffer, pH 7.0, containing 10 mM EDTA. The suspension was stirred at 4 C for 20 min and then sonicated for 10 min. Four hundred l of 107 mM phenylmethylsulfonyl fluoride (final concentration, 2 mM) solution was added to the suspension twice just before and immidiately after the sonication. The cell extract was centrifuged at 15,000 g for 20 min. The supernatant was treated with streptomycin to remove nucleic acids. After centrifugation at 15,000 g for 30 min, the supernatant (485 ml) was supplied with ammonium sulfate (120 g/l) and the pH of the cell extract was adjusted to pH 7.0 with 2.8% (w/v) ammonium solution. After centrifugation at 64,000 g for 30 min, the supernatant (520 ml) was put on a Butyl Toyopearl 650S (Toso) column (3:5 Â 22 cm) equilibrated with 50 mM sodium phosphate buffer, pH 7.0, 1 mM EDTA, containing 120 g/l ammonium sulfate. The column was washed with 5 column volumes of the same buffer, and the protein was eluted with a linear gradient of ammonium sulfate (120 to 0 g/l). The pooled fraction (520 ml) of ammonium sulfate gradient of 83 to 19 g/l was dialyzed twice against 10 l of the 50 mM sodium phosphate buffer, pH 7.0, containing 5 mM EDTA. The dialysate was put on a DEAE Sepharose Fast Flow (Amersham Pharmacia) column (3:3 Â 23:5 cm) equilibrated with 50 mM sodium phosphate buffer, pH 8.0, containing 5 mM EDTA. The column was washed with 5 column volumes of the same buffer, and the enzyme was eluted with a linear gradient of NaCl (0 to 100 mM). The purity of Prx was measured by SDS-PAGE. Fractions that contained exclusively Prx were pooled, concentrated by ultrafiltration, and stored at À80 C. A Synechocystis PCC 6803 DNA fragment containing the open reading frame sll0755 was amplified by PCR with the primers 5 0 -GCGAATTCCACCACCACCAC-CACCACACAGAGGTATTAAGGGTAGG-3 0 and 5 0 -GCCGGATCCCTAAGGTTCCGCCACTGTCTCG-3 0 . The forward primer contained an EcoRI site, and the reverse primer contained a BamHI site. The PCR was done for 30 cycles of 1 min at 94 C, 30 s at 55 C, and 1 min at 72 C, with a 3 min pre-heat. Amplified DNA fragments were cloned into a pTrc vector 18) and used to transform E. coli JM109. IPTG-induced recombinant protein was purified with the Qiagen Ni-NTA column according to the manufacture's instructions. 19) All steps of the purification procedure of recombinant Synechosystis Prx were done at 4 C. Thirty one g (wet weight) cells were suspended in 93 ml of 50 mM sodium phosphate buffer, pH 7.0,containing 10 mM EDTA. The suspension was stirred at 4 C for 20 min and then sonicated for 4 min. The cell extract was prepared by two passages through a French pressure cell at 24,000 lb/in 2 and then sonicated for 4 min. One ml of 83 mM phenylmethylsulfonyl fluoride (final concentration, 2 mM) solution was added to the suspension three times just before, immediately after the first passage through the French pressure cell, and after the sonication. The cell extract was centrifuged at 48,000 g for 20 min. The supernatant was treated with streptomycin to remove nucleic acids. After centrifugation at 64,000 g for 30 min, the supernatant was dialyzed three times agaist 2 l of the 50 mM Tris-HCl buffer, pH 8.0. The cell extract was centrifuged at 64,000 g for 30 min, and the supernatant (108 ml) was put on a Ni-NTA (Qiagen) column (2:2 Â 15:8 cm) equilibrated with 50 mM TrisHCl buffer, pH 8.0, containing 150 mM NaCl. The column was washed with 3 column volumes of the same buffer, and the enzyme was eluted stepwise with 20, 40, 50, 80 mM imidazole. The pooled fraction (1100 ml) from 40 to 80 mM imidazole elution was dialyzed twice against 10 l of the 20 mM Tris-HCl buffer, pH 7.2. The fraction pool was put on a DEAE Sepharose Fast Flow (Amersham Pharmacia) column (3:3 Â 23:5 cm) equilibrated with 20 mM Tris-HCl buffer, pH 7.2. The dialysate was washed with the same buffer, and the enzyme was eluted with a linear gradient of NaCl (0 to 250 mM). The purity of Prx was measured by SDS-PAGE. Fractions that contained exclusively Prx but no other proteins were pooled, concentrated by ultrafiltration, and stored at À80 C.
Tested organisms and preparation of cell extracts. Tested organisms were Saccharomyces cerevisiae KA31-A, Synechocystis sp. PCC 6803, Chlorella vulgaris IAM C-27, and Chlamydomonas reinhardtii cw15. Saccharomyces cerevisiae was grown at 30 C in YM medium. 20) Synechocystis was grown at 30 C in BG11 medium 21) under conditions of ordinary light intensity (50-140 mol photonsÁm À2 Ás À1 ) and induced by 100% oxygen and high light intensity (800 mol photonsÁm À2 Ás À1 ) for 12 h. Chlorella was grown at 25 C in MC medium 22) under conditions of ordinary intensity (50-140 mol photonsÁm À2 Ás À1 ) and induced by hardening under conditions of high light intensity (800-1400 mol photonsÁm À2 Ás À1 ) at 3 C for 24 h. Chlamydomonas was grown at 30 C in TAP (Tris-acetate-Pi) medium 23) under conditions of ordinary intensity (50-140 mol photonsÁm À2 Ás À1 ), and induced by 100% oxygen and high light intensity (800 mol photonsÁ m À2 Ás À1 ) for 6 h. After cultivation, cells from Saccharomyces cerevisiae, Synechocystis sp., Chlorella vulgaris, and Chlamydomonas reinhardtii cw15 were suspended in three volumes per wet weight of 50 mM sodium phosphate buffer, pH 7.0, containing 10 mM EDTA (0.5 mM for Saccharomyces). Spinach leaves were placed on ice under a light intensity of 400 mol photonsÁm À2 Ás À1 for 30 min. The Spinach leaves were homogenized in a mixer with three volumes of 50 mM sodium phosphate buffer, pH 7.5, containing 10 mM EDTA for 10 s. After filtration of the homogenate through cloth, cells were collected by centrifugation at 11,800 g for 5 min from the filtrate. Cells from each organism were disrupted by two passages through a French pressure cell (SLM-AMINCO; Spectronic Instruments). A hundred l of 107 mM phenylmethylsulfonyl fluoride (final concentration, 2 mM) solution was added to the suspension twice just before and immediately after the passage through the French pressure cell. The clear supernatants was obtained by centrifugation (75,600 g for 30 min).
Prx-linked peroxidase activity assay. The cell extractPrx mixtures (750 l), containing 50 mM sodium phosphate buffer, pH 7.0, 0.5 mM EDTA, cell extract, and 20 M Saccharomyces Prx for yeast or 40 M Synechocystis Prx for the photosynthetic organisms, were added to a 1-ml spectrophotometric cell. After equilibration at 25 C for yeast or at 30 C for the photosynthetic organisms, the reaction was started by mixing with NADH-peroxide mixtures and the reaction was monitored at 340 nm. NADH-peroxide mixtures (250 l) contained 50 mM sodium phosphate buffer, pH 7.0, 0.5 mM EDTA, 1 mM t-butyl hydroperoxide, and 150 M NADH at 25 C for yeast or at 30 C for the photosynthetic organisms. The increase of activity observed by adding Prx can be attributed to intrinsic Prx-linked peroxidase activity. One unit of activity was defined as the amount of protein required to catalyze the reduction of 1 mol of either NAD(P)H or t-butyl hydroperoxide per min.
Partial purification of Prx-linked peroxidase from yeast. Purification was done at 4 C. Fifteen g (wet weight) of Saccharomyces cerevisiae KA31-A cells were suspended in 70 ml of 50 mM sodium phosphate buffer, pH 7.0. The suspension was stirred at 4 C for 30 min and then disrupted by two passages through a French pressure cell at 24,000 lb/in 2 . Four hundred fifty l of 107 mM phenylmethylsulfonyl fluoride (final concentration, 2 mM) solution and 300 l of 233 M Pepstatin A (final concentration, 2 g/ml) were added to the suspension twice just before and immediately after the first passage through the French pressure cell. The supernatant was treated with streptomycin (final concentration, 1%) to remove nucleic acids. After centrifugation at 64,000 g for 30 min, the supernatant was dialyzed twice against 4.5 l of the 10 mM sodium phosphate buffer, pH 7.5, containing 15 M flavin adenine dinucleotide (FAD). After dialysis, the pH of the crude extract was adjusted to pH 8.0 with 0.1 N NaOH. The crude extract (90 ml) was applied to a DEAE Sepharose Fast Flow (Amersham Pharmacia) column (3:3 Â 23:5 cm) equilibrated with 10 mM sodium phosphate buffer, pH 8.0, containing 15 M FAD. The column was washed with 2 column volumes of the same buffer, and the enzyme was eluted with a linear gradient of NaCl (0 to 200 mM). Further specific indications are described in results and discussion.
Results and Discussion
Peroxide reductase activity of Amphibacillus NADH oxidase in the presence of Prx from Amphibacillus, Saccharomyces, and Synechocystis Prx proteins can be divided into two large groups: one group contains a single conserved cysteine, whereas the Prx proteins with two conserved cysteine residues are widely distributed in species of bacteria, mammals, and plants. In this report, we describe the Prx proteins containing two cysteines. The identified sequences of the bacterial, mammalian, and plant Prx proteins show high similarities, exceeding 60% in each group, and also are highly similar to Amphibacillus Prx (>63%), Saccharomyces Prx (>65%), and Synechocystis Prx (>63%), respectively at the aminoacid sequence levels. For further enzymatic analysis, Amphibacillus Prx was purified as previously described, 9) and Saccharomyces Prx and Synechocystis Prx were cloned, expressed, and purified to homogeneity.
The Prx-linked alkyl hydroperoxide reductase activities of Amphibacillus NADH oxidase were examined with t-butyl hydroperoxide as substrate. The reduction of NADH was assayed spectrophotometrically at 340 nm in the presence of various combinations of NADH oxidase, Prx, and NADH. Although Amphibacillus NADH oxidase had high reductase activity for alkyl hydroperoxide in the presence of Amphibacillus Prx, only poor activities were demonstrated in the presence of Prx from Saccharomyces or Synechocystis (Table 1) .
These results suggest that the Amphibacillus enzyme cannot reduce Prx from yeast or cyanobacteria, and that a different enzyme system than in bacteria may participate in the reduction of Prx in yeast or cyanobacteria.
Prx-linked peroxide reductase activities in yeast and photosynthetic organisms
The Prx-linked alkyl hydroperoxide reductase activities in cell extracts of bacteria were examined with tbutyl hydroperoxide as the substrate.
11) The reduction of t-butyl hydroperoxide or the oxidation of NADH was measured spectrophotometrically at 340 nm or by HPLC analysis in the presence of various combinations of the cell extracts, Prx, and NAD(P)H. In the absence of additional Prx, every cell extract showed detectable activity of NAD(P)H oxidation, which is the sum of NAD(P)H-dependent oxidase activity and NAD(P)Hdependent alkyl hydroperoxide reductase activity. Since Prx proteins are widely distributed among organisms, including the tested strains, the cell extracts presumably contain some Prx protein. [24] [25] [26] [27] [28] [29] [30] However, the concentrations of Prx may not be enough for the direct obserbation of Prx-linked alkyl hydroperoxide reductase activity as compared with the quantities in vivo, because of about 20-fold dilution in preparation of the cell extracts, suggesting that the increments of activity observed with added Prx can be attributed to intrinsic Prx-linked hydroperoxide reductase activity. Although Prx and its reduction systems have been investigated in yeast 14, 31) and photosynthetic organisms, [32] [33] [34] Prx-linked peroxidase activities in cell extracts have not been reported. Prx-linked t-butyl hydroperoxide reductase activities (activity in the presence of Prx minus the activity without Prx) were detected in Saccharomyces and Chlorella. In the absence of additional Prx, the total activities of NAD(P)H oxidation with t-butyl hydroperoxide in the cell extracts from Saccharomyces and Chlorella are 3.62 and 8.30 mU/mg, respectively, and the Prx-linked alkyl hydroperoxide reductase activities (the increments of activity upon the addition of Prx) in the cell extracts from Saccharomyces and Chlorella are 1.97 and 0.19 mU/mg, respectively (Table 2 ). However, it was not reproducibly detectable in Synechocystis (Table 2) , Chlamydomonas or spinach (data not shown). The Prx-linked peroxidase system is supported to be prevented in Synechocystis, Chlamydomonas, and spinach, because Prx was found in a higher plant 35, 36) and also its contents were induced by oxidative stress.
37) The reason for the apparent failure to detect the activities might be that their activities were too low or unstable for the usual spectrophotometric detection. Induction of the Prx-dependent peroxidase activities was examined in the next section with the tested strains. Induction of Prx proteins expression was reported in Saccharomyces and Chlorella under conditions of oxidative stress, 38) and at 3 C for 24 h, 29) respectively. However, little is known about the induction of Prx-dependent peroxidase activity. Therefore, induction of the Prx-dependent peroxidase activities was examined in the next section with the tested strains.
Induction of Prx-linked peroxidase activity
Inductions of Prx-linked peroxidase activities were observed in the following three organisms under individual conditions. In the absence of additional Prx, the total activities of NAD(P)H oxidation with t-butyl hydroperoxide from Saccharomyces, Chlorella, and Synechocystis were 14.71, 9.35, and 6.35 mU/mg, respectively, and the Prx-linked alkyl hydroperoxide reductase activities (the increments of activity upon the addition of Prx) are shown in Table 2 . Prx-dependent peroxidase activities in Saccharomyces cell extracts were induced to more than 4-fold in vigorously aerated cultures in a jar fermentor (air supply, 15 l/min in a 30 l culture) compared with the ordinary shaking culture conditions ( Table 2 ). Similar induction of enzyme activity was observed following cultivation under conditions of 100% oxygen. Furthermore, compared with ordinary light intensities of 50-140 mol photonsÁ m À2 Ás À1 at 25 C, induction of Prx-linked peroxidase activities of greater than 10-fold were especially evident with Chlorella under conditions of high light intensity (800-1400 mol photonsÁm À2 Ás À1 ) at 3 C for 24 h (Table 2 ). In the same manner, distinct activities in Synechocystis cell extract were observed to be induced under high light intensity (800-1400 mol photonsÁ m À2 Ás À1 ) and by 100% oxygen (Table 2) . Because peroxides are thought to be produced easily in cells at high oxygen concentrations or at high light intensities, the induced Prx-dependent peroxidase activity thus possibly functions as an effective system to remove peroxides from these organisms.
Partial purification of Prx-linked peroxidase from yeast
Partial purification of the Prx-linked peroxidase system was attempted from highly induced yeast cells cultured under 100% oxygen, because the highest enzyme activity was found in the yeast cell extract following such induction conditions. Fractions from DEAE Sepharose Fast Flow column chromatography were monitored for their ability to reduce t-butyl hydroperoxide in the presence of yeast Prx and NADPH, however, no activity was detected in any of the fractions. A similar result was obtained for fractions after hydrophobic chromatography with a Butyl Toyopearl (Tosoh) column (data not shown). These observation promoted us to the Prx-linked peroxidase activities of DEAE Sepharose fractions following reconstitution of the fractions pools. Peroxidase activity peak I was detected when each fraction was mixed with a fraction pool of peak II. In addition, activity peak II was observed after supplementing fractions with a fraction pool peak I (Fig. 1A) . These results suggest that more than one protein component co-operatively participates in Prx-linked peroxidase activity in yeast.
Next, the fraction pool of peak I was put on a POROS HQ/H anion-exchange (Applied Biosystems) column (0:46 Â 10 cm) equilibrated with 5 mM sodium phosphate buffer, pH 8.0, containing 15 M FAD and washed with 6 column volumes of the same buffer; the enzyme was eluted with a linear gradient of 0 to 500 mM NaCl (Fig. 1B) . Peroxidase activities in each fraction were assayed after supplementing them with the fraction pool of peak II from the DEAE Sepharose step. Fraction 4, the peak activity fraction, was put through SDS/PAGE (data not shown), electroblotted onto a polyvinylidine difluoride membrane, and the N-terminal amino-acid sequence was identified with a pulsed-liquid phase protein sequencer. The fraction contained two 11-kDa proteins in the same position on SDS-PAGE, the identified amino-terminal sequences of which were VTQ(LF)K(ST)ASE(YF). The amino-terminal sequences of thioredoxin I 39) (accession P22803) and thioredoxin II 40) (accession P22217) in the Genbank database are identical to the sequences VTQLKSASEY and VTQFKTASEF, respectively. Thus it was strongly indicated that the activity peak fraction contains thioredoxin I and thioredoxin II. 41) The fraction pool of peak II was also put on the POROS HQ/H anion-exchange column (0:46 Â 10 cm) equilibrated with 10 mM sodium phosphate buffer, pH 7.5, containing 15 M FAD, and washed with 6 column volumes of the same buffer. The enzyme was eluted with a linear gradient of 0 to 250 mM NaCl and a succeeding elution with 250 mM NaCl (Fig. 1C) . Peroxidase activities in the fractions were measured after supplementing them with the fraction pool of peak I from the DEAE Sepharose step (Fig. 1C) . Fraction 17, the peak-activity fraction analyzed by the same methods, contained a 34-kDa protein the amino-terminal sequence of which was found to be VHNKVTIIGS, which is identical to the amino-terminal sequence of thioredoxin reductase (accession P29509).
14)
The thioredoxin-thioredoxin reductase system was previously purified from yeast by a detection method that was not based on peroxidase activity but on a protection activity assay for protecting the target protein against the oxidation system. 14) Therefore, that study cannot answer whether the thioredoxin-thioredoxin reductase system is a dominant Prx-dependent peroxidase system in the yeast cells. The data using these partially purified fractions apparently indicate that the dominant Prx-dependent peroxidase system in yeast consists of two protein components, namely, thioredoxin and thioredoxin reductase. Despite the widespread distribution of Prx among various organisms having been known for a long time, the investigation of the Prx reduction system based on peroxidase activity in cell extracts has not been done except for bacterial species 6, 11) and Trypanozomatidae. 15) The reason for the scarcity of such attempts is thought to the difficulty in detecting Prx-dependent peroxidase activities in cell extracts. In studying Prx-dependent peroxidase from bacteria, a high enzyme activity was obtained reprodu-cibly by rapidly and smoothly mixing the two components essential for the assay, i,e., the NAD(P)H-peroxide mixture and Prx-enzyme mixture (see materials and methods). This mixing method is thought to retain the protein-protein interactions between Prx and the Prxreducing enzyme, thus enabling Prx-linked peroxidase activities to be detectable in the tested organisms. In conclusion, our result has confirmed that Prx-linked peroxide reductase activity are widely distributed not only in bacteria and Trypanosomatidae but also in yeast and photosynthetic microorganisms, and indicated that it may also play an important role in the peroxidescavenging system in these organisms. Details of assay and chromatographic procedures are described in ''Materials and Methods'' and ''Results and Discussion.'' A. DEAE Sepharose Fast Flow column chromatography. Peak I: Combination of the peak II reconstituted with the other DEAE fractions revealed activity peak I. Peak II: Combination of peak I reconstituted with the other DEAE fractions generated the activity peak II. B. HQ/H anion-exchange column chromatography. Peroxidase activity of each fraction was measured in the presence of pooled peak II fractions from the DEAE Sepharose step. C. HQ/H anion-exchange column chromatography. Peroxidase activity of each fraction was measured in the presence of the pooled peak I fractions from the DEAE Sepharose step.
